molecules. β subunits accelerate channel kinetics, shift voltage dependence, and increase channel cell surface expression when expressed in vitro (Isom and others 1992) . They are unique among ion channel auxiliary subunits in that they can also function as immunoglobulin superfamily cell adhesion molecules (IGSF-CAMs), promoting adhesion in vitro, in both the presence and the absence of α subunits (Isom and Catterall 1996; Isom and others 1994; Malhotra and others 2000; McEwen and others 2004) . In addition, β1 interacts with other signaling proteins, including the CAMs contactin, neurofascin, NrCAM, VGSC β2, and cadherin, the extracellular matrix molecule tenascin, receptor protein tyrosine phosphatase β (RPTPβ), ankyrin B , and ankyrin G (Fig. 1 ; others 2000, 2002; Meadows and Isom 2005; Ratcliffe and others 2000; Xiao and others 1999) .
β1 modulates electrical excitability in vivo: Scn1b null mice are ataxic, display spontaneous generalized seizures, and exhibit prolonged QT and RR intervals and slowed cardiac action potentials (Chen and others 2004; Lopez-Santiago and others 2007) . Mutations in SCN1B result in human brain disease, including generalized epilepsy with febrile seizures plus (GEFS+) and temporal lobe epilepsy (TLE; Audenaert and others 2003; Meadows and others 2002; Scheffer and others 2007; Wallace and others 2002; Wallace and others 1998) . Deletion of β2 (Scn2b) in mice results in reduced tetrodotoxin (TTX)-sensitive VGSC α subunit cell surface functional expression in CNS and peripheral nervous system (PNS) neurons under basal conditions (Chen and others 2002; Lopez-Santiago and others 2006) . Scn2b expression is increased in response to peripheral nerve injury (Pertin and others 2005) . Consistent with this, Scn2b null mice exhibit attenuated mechanical allodynia-like behavior in the spared nerve injury model of neuropathic pain as well as reduced sensitivity in the late phase of the formalin test (Lopez-Santiago and others 2006; Pertin and others 2005) . Interestingly, the absence of β2 in Scn2b null mice is neuroprotective in the experimental allergic encephalomyelitis (EAE) model of multiple sclerosis (MS), presumably by preventing VGSC α subunit up-regulation in response to demyelination (O'Malley and Isom 2006; Waxman 2008a Waxman , 2008b .
Regulated signaling via complexes of VGSC α and β subunits can control a variety of cellular processes in both neurons and cell types that are traditionally thought of as nonexcitable, including some types of cancer cells (Chioni and others 2006; Fraser and others 2005; Isom 2001) . In this review, we present the emerging evidence that VGSC α and β subunits play novel roles in cellular migration, focusing on neuronal development and cancer invasion. These two processes share a number of important characteristics, and it has been noted that cancer invasion may be a deregulated process derived from the normal physiological invasion required for 572 THE NEUROSCIENTIST Na + Channels, Migration, Development, and Cancer (Liotta and Clair 2000) . Furthermore, several aggressive cancers have been found to have "neuronal" characteristics (Onganer and others 2005) .
VGSCs in the Developing Central Nervous System
Differential, tissue-specific expression profiles for VGSC α subunit genes during development are well described (e.g., Schaller and Caldwell 2003; Yu and Catterall 2003) . Most notably, SCN3A is highly expressed in the fetal CNS and is subsequently replaced by SCN1A, SCN2A, and SCN8A in early postnatal development (Beckh and others 1989; Brysch and others 1991; Gong and others 1999; Schaller and Caldwell 2000) . In addition, Na v 1.6 protein replaces Na v 1.2 protein at the axon initial segment and maturing nodes of Ranvier during myelination in CNS neurons (Boiko and others 2001; Boiko and others 2003; Kaplan and others 2001; Westenbroek and others 1989) . Developmentally controlled alternative splicing takes place in domain 1:segment 3 (D1:S3) of SCN2A and SCN3A, resulting in the replacement of a neutral residue in the neonatal splice variant protein by a negatively charged aspartate in the adult form (Diss and others 2004; Gustafson and others 1993; Lu and Brown 1998; Sarao and others 1991) . Similar D1:S3 alternative splicing has been reported for SCN5A, SCN8A, and SCN9A, although it is not clear whether this process is developmentally regulated for these orthologous genes (Belcher and others 1995; Fraser and others 2005; Onkal and others 2008; Plummer and others 1998) . In the case of SCN5A, the "neonatal" splice variant (nSCN5A) encodes a protein that contains a positively charged lysine in place of the aspartate, which results in a depolarizing shift in the voltage dependence of activation and slower kinetics in vitro, likely due to the charge reversal adjacent to the S4 voltage sensor (Onkal and others 2008) . A different alternative splicing event occurs in exon 18 of SCN8A: In fetal brain and nonneuronal tissues, expression of splice variant 18N produces a truncated, nonfunctional form of the channel, and is replaced later in development by the functional "adult" variant 18A (Plummer and others 1997) . Aberrant expression of VGSC gene products and/or reversion to an earlier developmental expression profile has been observed in several CNS pathophysiologies. For example, in both rodent EAE and human MS, there is an up-regulation and redistribution of Na v 1.2 and Na v 1.6 protein in response to axonal demyelination others 2003, 2004) . In addition, sensory neuron specific SCN10A mRNA and Na v 1.8 protein are up-regulated in cerebellar Purkinje neurons in both a rat demyelinating model and human MS others 1999b, 2000) . A different situation has been reported in the PNS, where axonal injury causes up-regulation of Na v 1.3 protein in dorsal root ganglion (DRG) neurons (Black and others 1999a) . Na v 1.3 protein expression is also increased in subpopulations of hippocampal neurons in both Scn1a and Scn1b null mice, suggesting that Na v 1.3 up-regulation in response to altered excitability may be common to the PNS and CNS (Chen and others 2004; Yu and others 2006) .
Electrical activity is required for normal morphological development of axons, dendritic spines, and synaptic connections in the mammalian retinogeniculate pathway (Casagrande and Condo 1988; Dubin and others 1986; Kalil and others 1986; Riccio and Matthews 1985; Sretavan and others 1988) . The highly specific VGSC blocker TTX reduces the growth of dendritic spines in pyramidal cells in the visual cortex of P21 rats (Riccio and Matthews 1985) . In kitten retinal ganglion cells, action potential blockade with TTX inhibits the growth of developing axon terminals and disrupts segregation of retinal synaptic inputs onto cells in the lateral geniculate nucleus (LGN), resulting in a general reduction in the pace of maturation of retinogeniculate synapses in the developing LGN (Casagrande and Condo 1988; Dubin and others 1986; Kalil and others 1986) . Although electrical activity appears important for normal development of the visual system, it is not clear if expression/activity of specific VGSC genes is required for CNS development in general. In support of this hypothesis, Scn2a null mice die perinatally with severe brainstem defects, Scn1a null mice die at postnatal day 15 (P15), and Scn8a null mice die between P21 and P28, suggesting that Na v 1.1, Na v 1.2, and Na v 1.6 all play critical roles in early postnatal CNS development (Harris and Pollard 1986 ; Planells-Cases and others 2000; Yu and others 2006) . In the case of Na v 1.1, haploinsufficiency still results in a severe phenotype, supporting the idea that VGSC gene family members may not compensate for each other in vivo. Future studies should ascertain the extent of involvement of different VGSC α subunits in various aspects of activity-dependent postnatal CNS development, in what is clearly a complex, neuron-specific process.
Scn1b mRNA and β1 protein are expressed in CNS neurons from P1, and Scn1b null mice die by P20, indicating a critical role for β1 at this early postnatal developmental stage (Chen and others 2004; Sashihara and others 1995; Sutkowski and Catterall 1990) . Given that β1 interacts with a variety of molecules involved in CNS development and axonal pathfinding in addition to α others 2000, 2002; Meadows and Isom 2005; Ratcliffe and others 2000; Xiao and others 1999) , regulated signaling through complexes of VGSC α and β subunits may be required for normal early postnatal development of the CNS.
VGSC β β Subunits and Cell Adhesion
Increasing evidence suggests that, in addition to regulating electrical excitability, voltage-gated ion channels participate in numerous "nonconducting" signaling mechanisms (reviewed in Kaczmarek 2006) . Thus far, the best-characterized nonconducting role of VGSCs is in cell adhesion, via the β subunits. β1 and β2 interact with tenascin-C and tenascin-R, influencing cell migration, and participate in homophilic cell adhesion, resulting in cellular aggregation and ankyrin recruitment others 2000, 2002; Srinivasan and others 1998; Xiao and others 1999) . In addition, β1 interacts heterophilically with N-cadherin, contactin, neurofascin-155, neurofascin-186, NrCAM, and VGSC β2 (Kazarinova-Noyes and others 2001; Malhotra and others 2004; McEwen and others 2004) . Interactions between β1 and contactin, neurofascin-186, or β2 result in increased VGSC expression in the plasma membrane in vitro, suggesting that adhesion may modulate excitability (Kazarinova-Noyes and others 2001; McEwen and others 2004) . β1 promotes neurite outgrowth in acutely dissociated cerebellar granule neurons (CGNs) in culture via trans-homophilic cell adhesive interactions, and this effect is blocked in neurons isolated from Scn1b null mice (Davis and others 2004) . Furthermore, β1 functions as a CAM in vivo and is required for normal early postnatal CNS development. For example, in the cerebellum of P14 Scn1b null mice, the migration of axons through the molecular layer is disrupted, resulting in accumulation of CGNs in the external germinal layer (Fig. 2, panel I; Brackenbury and others 2008) . In addition, the absence of β1 results in defasciculation of axons in the developing corticospinal tract (Fig. 2 (FGFR) regulates NCAM-mediated, but not β1mediated, neurite outgrowth, suggesting a divergence in the signal transduction pathways mediated by these two IGSF-CAMs Maness and Schachner 2007; Niethammer and others 2002; Sanchez-Heras and others 2006) . Recently, SCN1B, SCN2B, and SCN4B mRNAs have been shown to be expressed in human prostate cancer (PCa) and breast cancer (BCa) cell lines (Chioni and others 2006; Diss and others 2007) . Most of this work has been done on BCa, where SCN1B is the most abundantly expressed β subunit gene. SCN1B mRNA and β1 protein levels are significantly higher in the weakly metastatic MCF-7 cell line compared with strongly metastatic MDA-MB-231 cells (Chioni and others 2006) . Furthermore, in MCF-7 cells, downregulation of β1 with siRNA decreased adhesion and increased migration (Chioni and others 2006) . Therefore, in BCa cells in vitro, β1 may control migration via cell-adhesive interactions. In addition, SCN3B, which is not expressed in BCa cells (Chioni and others 2006) , contains two response elements to the tumor suppressor p53, and may be involved in p53dependent apoptosis (Adachi and others 2004) , suggesting that absence of SCN3B expression may be an indicator of oncogenesis.
Clearly, the function of β1 as a CAM is important for regulating migration, both in normal neuronal development and in invasive BCa. Further work will be required to ascertain whether down-regulation of SCN1B and/or SCN3B in line with oncogenesis and/or increased metastasis may be a global phenomenon in other cancers, and to evaluate the underlying mechanism in the context of oncofetal expression of neuronal genes.
Potential Role of VGSC β Subunits as Transcription Factors
All four VGSC β subunit proteins are substrates for sequential cleavage by the β-site amyloid precursor protein-cleaving enzyme 1 (BACE1) and γ-secretase (Wong and others 2005) . In addition, β2 is cleaved by the α-secretase enzyme ADAM10 (Kim and others 2005) . Processing of β subunits by BACE1/α-secretase at cleavage sites juxtaposed to the extracellular face of the transmembrane region results in ectodomain shedding and yields membrane-bound C-terminal fragments (CTFs; Fig. 1 ; Kim and others 2005; Wong and others 2005). In the case of β1, the shed soluble ectodomain may then act as an adhesion ligand in vitro and promote neurite outgrowth (Davis and others 2004; Malhotra and others 2000) . The β-CTFs are further processed by γ-secretase at intracellular sites adjacent to the transmembrane region, yielding small (~12 kDa) intracellular domains (ICDs; Fig. 1 ; Kim and others 2005; Wong and others 2005) . Pharmacological inhibition of β2 cleavage by γ-secretase reduces cell-cell adhesion and migration (Kim and others 2005) . Similarly, β4 processing by BACE1 increases neurite outgrowth (Miyazaki and others 2007) . These results suggest a functional role for the cleaved β subunit ICDs in the signaling mechanism(s) mediating adhesion, neurite extension, and migration.
The β2 ICD released by sequential BACE1 and γsecretase cleavage localizes to the nucleus and increases SCN1A mRNA and Na v 1.1 protein levels, suggesting that the cleaved β2 ICD may function as a transcription regulator (Kim and others 2007) . Conversely, downregulation of β1 expression in MCF-7 cells using siRNA results in up-regulation of nSCN5A mRNA and "neonatal" Na v 1.5 (nNa v 1.5) protein (Chioni and others 2006) . Similarly, Scn1b null mice have increased Scn5a mRNA and Na v 1.5 protein expression in cardiomyocytes (Lopez-Santiago and others 2007). Therefore, the β subunit ICDs may function directly or indirectly to regulate transcription of genes including those encoding the VGSC α subunits. In particular, β1 may be a novel widespread regulator of SCN5A expression. Further work should clarify how the β subunit ICDs regulate gene expression and ascertain the extent of this phenomenon.
Involvement of VGSCs in Metastatic Cell Behaviors of Cancer Cells
Metastasis, the spreading of cancer cells from a primary neoplasm to form tumors at secondary sites, is of major clinical importance, because this, rather than the primary tumors, is the main cause of cancer-related deaths (Stetler-Stevenson and others 1993). As a result, much research has focused on understanding the mechanisms underlying metastasis with a view to creating novel prognostic markers and therapies with improved accuracy and efficiency (Pantel and Brakenhoff 2004; Schwirzke and others 1999; Weigelt and others 2005) . Increasing evidence suggests that strong parallels exist between neuronal development and cancer metastasis (Liotta and Clair 2000) . Indeed, physiological invasive and migratory processes integral to neuronal pathfinding in the embryo may be deregulated in the case of pathophysiological cancer invasion (Liotta and others 1991) . For example, the receptor for advanced glycation end products (RAGE) and its polypeptide ligand amphoterin, which colocalize to the leading edge of neurites promoting outgrowth, also increase growth and metastases of implanted and spontaneous tumors in mice (Taguchi and others 2000) . Furthermore, in the case of PCa, a subpopulation of cells may undergo neuroendocrine differentiation and become androgen independent, highly aggressive, and dependent on growth factor signaling (Abrahamsson 1999; di Sant'Agnese 1992; Kim and others 2002) . Given that many embryonic genes are re-expressed in cancer cells (Monk and Holding 2001) , it is likely that acquisition of a neuronal phenotype in invasive cancer cells may be an oncofetal phenomenon. Therefore, regulatory processes involved in normal embryonic and/or early postnatal neuronal development may be re-expressed in cancer cells, providing them with a means to migrate and invade during metastasis. In PCa cells, the predominant VGSC α subunit gene, SCN9A, is up-regulated ~1000-fold at the mRNA level in the strongly metastatic rat Mat-LyLu and human PC-3 cells, compared with the corresponding weakly metastatic AT-2 and LNCaP cells (Diss and others 2001) . In BCa cells, mRNA of the most highly expressed α subunit gene, SCN5A, is up-regulated 1800-fold in metastatic MDA-MB-231 cells compared with weakly metastatic MCF-7 cells . Interestingly, in MDA-MB-231 cells, the DI:S3 5′-splice variant (nSCN5A) is predominant Fraser and others 2005) . Furthermore, nNa v 1.5 protein is more highly expressed in the plasma membrane of MDA-MB-231 than MCF-7 cells Fraser and others 2005) . A similar DI:S3 5′-splice variant of SCN5A has also been described in rat brain tissue and human nB1 neuroblastoma cells (Ou and others 2005; Wang and others 2008) .
The VGSC blocker TTX suppresses a variety of in vitro cell behaviors associated with the metastatic cascade in cancer cells (Table 2) . VGSC-enhanced behaviors include invasion (Bennett and others 2004; Grimes and others 1995; Laniado and others 1997; Roger and others 2003; Smith and others 1998) , transwell migration, (Brackenbury and Djamgoz 2006; Fraser and others 2005; Roger and others 2003) , galvanotaxis (Djamgoz and others 2001) , morphological development and process extension (Fraser and others 1999) , endocytic membrane activity (Mycielska and others 2003; , vesicular patterning (Krasowska and others 2004) , lateral motility (Fraser and others 2003) , reduced adhesion (Palmer and others 2008) , nitric oxide production (Williams and Djamgoz 2005) , and gene expression (Mycielska and others 2005) . Specific functional down-regulation of nNa v 1.5 using RNAi or an antibody (NESO-pAb) revealed that nNa v 1.5 is primarily responsible for the VGSC-dependent enhancement of migration and invasion of MDA-MB-231 cells (Brackenbury and others 2007) . Importantly, transient overexpression of Na v 1.4 in weakly metastatic LNCaP cells increases invasion, and can be reversed by TTX, suggesting that VGSC expression is necessary and sufficient to increase their invasive potential (Bennett and others 2004) . Finally, the anticonvulsants phenytoin and carbamazepine, which target VGSCs, inhibit secretion of prostate-specific antigen (PSA) and interleukin-6 by PCa cells in vitro (Abdul and Hoosein 2001) . (2007) Abbreviation: VGSC = voltage-gated Na + channel.
The mechanism(s) responsible for VGSC α subunit up-regulation in metastatic cancer cells is not understood. However, serum factors are known to play an important role in this process (Ding and Djamgoz 2004) . In Mat-LyLu cells, epidermal growth factor (EGF) increases Na + current density and enhances migration partially via VGSC activity (Ding and others 2008) . Similarly, EGF enhances migration, endocytosis, and invasion of PC-3M cells via enhanced SCN9A/Na v 1.7 functional expression (Onganer and Djamgoz 2007) . In addition, nerve growth factor (NGF) increases Na + current density in Mat-LyLu cells, although NGF-dependent migration occurs independent of VGSC activity . Given that growth factors including NGF play important roles during CNS development (e.g., von Bartheld 1998), growth factor-dependent regulation of VGSC activity in cancer cells further demonstrates the strong parallel between neuronal development and cancer. Furthermore, the developmental regulator of VGSC expression, REST, has been identified as a candidate oncogene (Armisen and others 2002; Westbrook and others 2005) . Steady-state VGSC functional expression in Mat-LyLu cells is maintained by a positive feedback mechanism involving both increased SCN9A transcription and protein kinase Adependent VGSC trafficking to the plasma membrane, resulting in increased VGSC-dependent cellular migration (Brackenbury and Djamgoz 2006) . Given that 578 THE NEUROSCIENTIST Na + Channels, Migration, Development, and Cancer Fig. 3 . Proposed model for voltage-gated Na + channel (VGSC) α and β subunit involvement in metastatic cancer progression. β1 is expressed in transformed weakly metastatic cancer cells, contributing to their adhesiveness within the proliferating tumor in situ (Chioni and others 2006) . In response to signaling interactions between cancer cells and the local tumor microenvironment, VGSC α subunit expression is proposed to be up-regulated and β1 expression down-regulated Chioni and others 2006; Ding and others 2008; Ding and Djamgoz 2004; Onganer and Djamgoz 2007) . Reduction of β1 is proposed to reduce the cells' adhesiveness, increasing migration (Chioni and others 2006) . The metastatic cells' migration and invasion is further potentiated by VGSC α subunit activity (Brackenbury and others 2007; Brackenbury and Djamgoz 2006; Smith and others 1998) . The figure was produced using Science Slides 2006 software. in MDA-MB-231 cells, the β1 subunit is down-regulated, and nNa v 1.5 is up-regulated, β1 itself may regulate α subunit expression/activity either via transcription or indirectly via a CAM-dependent signaling mechanism (Chioni and others 2006) . Thus, a complex and dynamic role is emerging for both the VGSC α and β subunits in metastatic cancer progression (Fig. 3) . Further work is required to elucidate the mode and extent of involvement of the β subunits as novel CAMs in VGSCdependent metastatic behaviors.
Multifunctional Roles of VGSC Macromolecular Signaling Complexes in CNS Development and Cancer Progression: Concluding Remarks
The possibility of VGSC α and β subunits functioning as macromolecular complexes in conjunction with other signaling proteins has been proposed previously, and fits in well with emerging studies identifying various nonconducting roles of voltage-gated channels (Isom 2001; Kaczmarek 2006; Meadows and Isom 2005) . The canonical VGSC macromolecular signaling complex would likely comprise, at minimum, the α subunit together with one or more β subunits, and other interacting partners would vary with cell/tissue type and/or subcellular domain. For example, at the growth cone of migrating CGNs, the VGSC complex is proposed to localize to a lipid raft domain with β1, contactin, and fyn kinase (Fig. 4; Brackenbury and others 2008) . Additional components might include cytoskeletal proteins, for example, ankyrins, and secretases, for example, BACE1 (Kim and others 2005; Malhotra and others 2000 Malhotra and others , 2004 Wong and others 2005) . In this scenario, the VGSC signaling complex would promote neurite extension in response to β1 trans-adhesive interactions with β1 subunits expressed by adjacent neurons or glia. However, many Volume 14, Number 6, 2008 THE NEUROSCIENTIST 579 Fig. 4 . A voltage-gated Na + channel (VGSC) macromolecular signaling complex in migrating neurons. A proposed trans-adhesive interaction between β1 on an adjacent neuronal or glial cell and the VGSC macromolecular signaling complex on the cerebellar granule neuron, comprising the α subunit, β1, and contactin, initiates a signaling cascade through fyn kinase leading to neurite outgrowth and migration . In addition, cleavage of β1 by BACE1 and γ-secretase is proposed to release the β1 intracellular domain (ICD), which may enhance transcription of VGSC α subunits (Kim and others 2007; Wong and others 2005) . The system may be further fine-tuned by signaling mechanisms resulting from Na + influx through the VGSC α subunit (e.g., Brackenbury and Djamgoz 2006) . The figure was produced using Science Slides 2006 software. questions still remain: How does signaling through this complex result in remodeling of the growth cone? How would this signal transduction cascade promote migration and pathfinding in vivo? What is the involvement of VGSC-mediated changes in electrical excitability, if any, on expression/activity of this complex?
Clearly, signaling through VGSC complexes is important for normal CNS development. In addition, aberrant expression/activity of VGSC α and β subunits may be involved in aspects of the cancer process. An important emerging parallel is that VGSC signaling complexes appear to regulate migration of both neurons and cancer cells. The challenge is now to identify the molecular identity of the VGSC macromolecular complexes present under different physiological conditions in vivo, for example, at different developmental stages, in different cells/tissues. Next, it will be essential to extend this information to understanding how VGSC signaling complexes may operate in pathophysiological situations, including abnormal migration in the developing CNS and metastatic cancer.
